The Vp anisotropies of two amphibole-rich rocks and two biotite-amphibole-rich rocks were measured under high-pressure conditions (up to 1.0 GPa), and calculated based on the physical properties and lattice-preferred orientation (LPO) of amphibole and biotite. The results of these studies clearly demonstrated the strong effects of the LPO of amphibole and biotite on Vp anisotropies. Previous studies pointed out the importance of [001] of amphibole and (001) of biotite for Vp anisotropy. In addition to these axes and poles, (100) of amphibole strongly affected the Vp anisotropy of the sample rocks.
measuring system of Vp anisotropy using a furnace assembly ( Fig. 1 ) consisting of talc, graphite and boron-nitride (BN) and a pistoncylinder high-pressure apparatus at Yokohama National University. Vp measurements with the piston cylinder apparatus have been conducted for the last two decades Matsushima (1981) , Ito & Tatsumi (1995) , Kitamura et al. (2003) , Kono et al. (2004) and Nishimoto et al. (2005) . The talc-pyrophyllite-BN-graphite cell has been widely used as a solid pressure-transmitting medium (e.g. Johannes et al. 1971) . The shear strength of the solid pressure media used in the piston cylinder apparatus leads to non-uniformities in stress distribution within the cell. However, shear stresses on the sample itself are generally not a serious problem in studies such as phase equilibrium and elastic velocity measurements, if careful and precise pressure calibration at the sample position is conducted (e.g. Johannes et al. 1971; Mirward et al. 1975) . In this study pressure was calibrated with the phase transitions of NH 4 F I-II (0.363 GPa) and NH 4 F II-III (1.08 GPa) at 25 • C (Hall 1971) . The data indicate that the precision of pressure measurement was ±0.03 GPa.
The non-hydrostatic state of stress around the rock sample might lead to deformation of the rock sample. After the high-pressure experiments, the rock samples were carefully examined with an optical microscope. No deformation or cracks were identified in them.
Our electrical equipment consisted of a pulse generator (Tektronix: AWG2021) and a digital oscilloscope (HEWLETT-PACKARD: Infinium Oscilloscope 54110A). Nishimoto et al. (2005) carried out the pressure calibration of the system and confirmed the accuracy of the pressure control.
The ultrasonic velocity measurements were carried out by the pulse transmission technique (Birch 1960) . In this study, a 4 MHz burst pulse was applied to the piezoelectric transducer to produce ultrasonic compressional waves. Using a wave frequency of 4 MHz (1-2 mm for wavelength) minimizes the effects of scattering without losing the signal strength. The elastic waves were transmitted through the specimen. They were received and converted into electrical signals again by the piezoelectric transducer placed on the other end of the specimen. These waveforms were stacked up to 4096 times, and were recorded in an oscilloscope with a sampling rate of 2.0 × 10 9 samples s −1 .
To determine the arrival time of elastic waves, we applied the moving average to the raw data and picked the peak of arrival waves carefully. The precision of the arrival time measurements always included error, with a maximum of ± 1.0 × 10 −8 s (±0.075 km s −1 ). This experimental system cannot estimate the volume changes of the samples. Thus, the velocities reported here were calculated from a sample length under atmospheric pressure conditions. We assumed that the measurement errors were generated by the width of the arrival time of the compressional waves and changes in sample length with pressurizing. If the sample lengths change with pressure, the velocities will be overestimated. However the measured anisotropy should not be affected much. This system was calibrated using Vp measurements of quartz. For the Vp measurements, we used cubic-shaped specimens (11 mm along the edges) that were cut from large blocks free of visible fractures and secondary alterations. The orientation of the cube was chosen with respect to the macroscopic fabric elements in the specimen. The X -direction was parallel to the mineral lineation. The Y -direction was parallel to foliation and normal to lineation. The Z-direction was normal to foliation.
S A M P L E D E S C R I P T I O N
The Vp and Vp anisotropy of two Amph-rich rocks and two Bt-rich rocks were measured. These rocks were collected from the early Palaeozoic Lützow-Holm Complex (LHC) in East Antarctica. The LHC consists mainly of high-grade metamorphic rocks in which the metamorphic grade increases from the amphibolite facies in the east to the granulite facies over 250 km to the southwest. The LHC has been well characterized geologically and petrologically by the Japanese Antarctic Research Expeditions (JARE). The LHC is regarded as a part of the Pan-African orogenic belt (Shiraishi et al. 1994) . The peak metamorphic conditions at the granulite facies zone are estimated to be 1000 • C at 1.1 GPa (Motoyoshi & Ishikawa 1997) .
These samples have a similar density, whole rock chemistry, grain size (average 1-2 mm) and mineral assemblage, consisting mainly of amphibole, biotite and plagioclase (Table 1) . The average grain size is very important information. Table 1 lists the grain size, wholerock chemical composition and modal composition of the sample rocks. In this study, the rock samples were divided into two groups by the modal composition of the biotite. The modal compositions of the samples were estimated using the point-counting method. The Bt-rich rocks, 81020906b and 82IH01, have large amounts of biotite (>15 per cent) while the Amph-rich rocks, 81T126 and 80D15, have small amounts of biotite (<1 per cent). These rocks also contain many minor components such as quartz, clinopyroxene, orthopyroxene and accessory minerals. Therefore, the samples do not have large chemical and petrological differences.
The microstructures of these rocks have small differences, as well. Amph-rich rocks exhibit a gneissic structure, which is defined by an Amph-rich layer and a Pl-rich layer. Sample 80D15 has stronger lineation than 81T126, as defined by aligned amphiboles. Bt-rich rocks have a gneissic structure, like Amph-rich rocks. The biotite flakes of 82IH01 make a weak foliation plane, which is parallel to the gneissic structure of amphibole.
R E S U LT S A N D D I S C U S S I O N

Measured Vp
Vp and Vp anisotropy are functions of pressure and temperature. Vp anisotropy was calculated by the equation, 100 × (Vp Max − Vp Min )/Vp average . Fig. 2 shows the change of the waveform, which received pulses with increasing pressure (81T126 in the X -direction). This diagram indicates the decrement in the traveltime and the increase in intensity with increasing pressure. The intensity of waves is strongly affected by coupling between the sample and transducers. The Vp was measured with increasing pressure (up to 1.0 GPa) simultaneously along the orthogonal directions (X , Y and Z) of the sample cubes ( Fig. 3 ; Table 2 ). The rapid velocity increase of the P waves in the low-pressure range is associated with progressive closure of the micro-cracks by confining pressure. Above about 0.5 GPa, the Vp-pressure relations tend to become linear and to slightly increase. Over 0.8 GPa, the Vp does not change with pressure. This reflects the intrinsic pressure behaviour of crack-free material, which is controlled by the volume percentage of major minerals and their single crystal elastic properties. This tendency of the Vp-pressure curve is consistent with findings of previous studies (e.g. Ji et al. 1993 ).
The Vp value and Vp-anisotropy pattern of 81T126 were as follows: in the low-pressure ranges (0.2-0.6 GPa), the Vp's of all directions showed a rapid increase (VpX ; 5.80-7.04 km s −1 , VpY ; 6.01-6.95 km s −1 , VpZ; 5.88-6.71 km s −1 ) while they showed slight increments (VpX ; 7.04-7.08 km s −1 , VpY ; 6.95-6.97 km s −1 , VpZ; 6.71-6.72 km s −1 ) over 0.7 GPa. The Vp anisotropy pattern of this sample changed with pressurizing from the isotropic pattern (at 0.2 GPa) to VpX > VpY > VpZ (over 0.3 GPa). This transition of the Vp-anisotropy pattern is regarded as closing the micro-cracks with pressurizing. Over 0.5 GPa, the Vp-anisotropy pattern showed a clear anisotropic pattern (VpX > VpY > VpZ), which is considered to be controlled by the LPO pattern of rock-forming minerals (e.g. Siegesmund et al. 1989 ). This Vp-anisotropy pattern is common for Amph-rich rocks (e.g. Takanashi et al. 2001; Siegesmund et al. 1989 ).
LPO and Calculated Vp
In order to estimate the effects of LPO on Vp anisotropy, the LPO's of amphibole, biotite and plagioclase were measured using electron backscatter diffraction (EBSD) at Chiba University. As an attachment to the scanning electron microscope, EBSD is a powerful tool for fabric analysis of various materials. The high-energy electrons of an electron beam are scattered on the sample. When scattered electrons form a unique pattern called a Kikuchi band, EBSD detects this pattern and measures the LPO of each mineral (Prior et al. 1999) .
The LPO measurements showed that the plagioclases of all samples had a random LPO pattern, while the amphiboles and biotite had a strong LPO pattern.
In this study, amphibole showed two types of LPO patterns (Fig. 4) , which are characterized by the distribution pattern of (100). The first pattern is a common LPO pattern of amphibole, in which (100) is concentrated in the Z-direction (e.g. Mainprice & Nicolas 1989) . We called this pattern the 'A-type'. Samples that have the clear A-type fabric are 81T126 and 81020906b. 82IH01 also indicates weak A-type fabric. The second LPO pattern of amphibole is a rare pattern. This pattern shows a concentration of (100) near the Y -direction (e.g. Takeshita 1999) . We called this pattern the 'Btype'. In the samples used in this study, amphiboles of 80D15 have the B-type of fabric.
The theoretical 3-D Vp-anisotropy patterns of these rocks were calculated based on the Voigt average of single-crystal elastic constants with LPO data using Mainprice's program (after Mainprice 1990) .
Determination of single-crystal seismic properties (e.g. Vp and two Vs) is based on knowledge of the six-by-six stiffness matrix and the density, and by using the Christoffel equation (e.g. Crosson & Lin 1971) . In the single-phase aggregate, the LPO provides a means for determining the 21 elastic coefficients (the six-by-six symmetric matrix) characterizing the aggregate elastic behaviour. For each measured grain, the elastic matrix is rotated from the crystallographic to the rock reference frame (Peselnick et al. 1974 ). The bulk-rock elastic matrix is the average of the matrices of all grains. To calculate the elastic properties of multiphase rocks, the corresponding matrix of each single-phase aggregate is taken into account in its modal proportion. Details of such calculations have already been described by numerous authors (e.g. Peselnick et al. 1974; Siegesmund et al. 1989; Mainprice & Silver 1993; Mainprice & Humbert 1994; Takanashi et al. 2001) .
The single-crystal elastic constants for the calculations were taken from Ryzhova (1964) for plagioclase (An 56), Alexandrov & Ryzhova (1961a) for amphibole, and Alexandrov & Ryzhova (1961b) for biotite ( Fig. 5 ). Amphibole has a large anisotropy (27.2 per cent). The Vp-anisotropy pattern of amphibole is [001] > (010) > (100). Biotite has larger anisotropy than amphibole (64.2 per cent). The Vp anisotropy pattern of biotite indicates an extremely low Vp in the direction (001).
The results of the calculation indicate two types of Vp-anisotropy patterns (Fig. 6) . Previous studies examined similar Vp-anisotropy patterns, and referred to as 'transverse isotropy' and 'orthorhombic' patterns (e.g. Ji et al. 1993; Barruol & Kern 1996; Takanashi et al. 2001) . The TI pattern is described in terms of the symmetry axes; for example, TI x is the transverse isotropy with a symmetry axis parallel to the X -direction. The orthorhombic pattern (ORT) is described in order of magnitude of the Vp value for each axis; for example, ORT XYZ means the anisotropy pattern is VpX > VpY > VpZ. In this study, we obtained the TI Z and ORT XZY patterns from calculations.
81T126
The [001] amphibole showed a concentration near the X-direction, (100) near the Z-direction, and (010) near the Y -direction. The calculated velocity displays a TI Z pattern, which is a common pattern of Amph-rich rocks (Fig. 3) . The [001] concentrating near the X -direction caused the highest Vp direction, close to the lineation of the sample rock. The (100), which concentrated close to the Z-direction, induced a low Vp value. (010), which is the intermediate direction of amphibole concentrated near the Y -direction, resulted in a medium value. The calculated Vp-anisotropy pattern also indicated VpX > VpY > VpZ and was consistent with the measured Vp-anisotropy pattern.
80D15
The [001] amphibole showed a strong concentration near the X -direction. (100) and (010) formed a girdle distribution in the Y-Z plane. (100) concentrated weakly near the Y -direction, and (010) was also weakly concentrated near the Z-direction. Thus, the LPO pattern of this rock was defined as the B-type.
The calculated Vp-anisotropy pattern displayed an ORT XZY pattern. The ORT XZY pattern is a very rare Vp-anisotropy pattern for Amph-rich rocks. This calculation result was concerned with the measured Vp-anisotropy pattern (VpX > VpZ > VpY ).
81020906b
The amphibole has an A-type pattern, in which [001] is concentrated in the X -direction and (100) is concentrated near the Z-direction.
The (001) of biotite showed a strong concentration near the Z-direction while (100) and (010) showed random distribution. Biotite generally forms this LPO pattern (e.g. Ji et al. 1993; Takanashi et al. 2001) . The calculated Vp pattern showed a typical TI Z pattern for amphibole and biotite-rich rocks. The concentration of the [001] amphibole caused a high velocity parallel to the X -direction. The concentration of the (001) biotite enhanced the low velocity parallel to the Z-direction, which was caused by the concentration of the (100) amphibole. This pattern is in good agreement with the measured Vp-anisotropy pattern (VpX > VpY > VpZ).
82IH01
The [001] amphibole formed a girdle distribution in the X-Y plane and weakly concentrated near the X -direction while (100) and (010) showed random distribution. Amphibole shows the weakest fabric in all samples, while biotite formed a strong fabric. The (001) biotite concentrated strongly near the Z-direction while (100) and (010) of biotite concentrated near the X -direction and Y -direction, respectively.
This sample also had a TI Z anisotropy pattern. The strong concentration of (001) biotite is the most important controller of Vp anisotropy, and caused low velocity parallel to the Z-direction. This pattern was in good agreement with the measured Vp-anisotropy pattern (VpX > VpY > VpZ).
Vp anisotropy and LPO pattern
It is considered that the A-type fabric amphibole made the TI Z anisotropy pattern in Amph-rich rocks and Bt-rich rocks (e.g. Siegesmund et al. 1989; Ji et al. 1993; Barruol & Kern 1996; Kern et al. 1997) . In this study, we confirmed the same relationship between the A-type fabric of amphibole and the TI Z anisotropy pattern in samples 81T126, 81020906b and 82IH01.
On the other hand, 80D15, which has B-type fabric amphibole, demonstrated a rare Vp-anisotropy pattern for Amph-rich rocks in both the experimental measurements and the theoretical calculation. The measured Vp-anisotropy patterns of this sample indicates VpX > VpZ > VpY . The calculated Vp-anisotropy pattern also indicated ORT XZY . We concluded that the differences of Vp-anisotropy patterns between A-type and B-type fabric amphibole is strongly controlled by the distribution of (100) amphibole.
In this study, we confirmed that biotite also strongly controlled the Vp-anisotropy pattern of Bt-rich rocks. For example, 82IH01, which has weak A-type fabric amphibole, had the common Vp-anisotropy pattern of Bt-rich rocks (VpX > VpY > VpZ and TI Z ). It is considered that (001) biotite is responsible for the strong TI Z anisotropy pattern and makes a larger contribution to Vp anisotropy than amphibole. We concluded that biotite also has an important role for Vp anisotropy.
In general, (001) biotite aligns in the Z-direction, which is the slowest direction of Bt-rich rocks. In A-type fabric amphibole, (100) amphibole is also concentrated near the Z-direction. These two poles account for the slowest direction in the rock samples. Thus, we also concluded that biotite will enhance the magnitude of Vp anisotropy, which originate in the LPO of amphibole. Previous studies have made clear that [001] amphibole and (001) biotite are important axes for Vp anisotropy (e.g. Ji et al. 1993 ). In addition to previous studies, we showed that (100) amphibole plays an important role on the Vp anisotropy of these rocks.
C O N C L U S I O N
In this study, it was clearly shown that amphiboles play an important role for Vp anisotropy in mafic high-grade metamorphic rocks. These axes and poles, which are (100) and [001] of amphibole and (001) of biotite, controlled the Vp-anisotropy pattern of Amph-rich rocks and Bt-rich rocks.
Amphibole and biotite are common and dominant mafic minerals and important containers of water in the middle-lower continental crust. The elastic-wave-velocity anisotropy is an important candidate for the origin of lower crustal reflectivity (Barruol & Mainprice 1993; Takanashi et al. 2001; Cholach et al. 2005) . The velocityanisotropy data of Amph-rich rocks and Bt-rich rocks will provide useful information for revealing the structure and rock composition of the middle-lower crust.
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